A total of 121 reference and clinical strains of both slowly and rapidly growing mycobacteria belonging to 54 species were studied for restriction fragment length polymorphism of a PCR-amplified 439-bp segment of the gene encoding the 65-kDa heat shock protein. Restriction digests were separated by 10% polyacrylamide gel electrophoresis (PAGE). By including a size standard in each sample, the restriction fragment profile was calculated using a computer-aided comparison program. An algorithm describing these 54 species (including 22 species not previously described) is proposed. We found that this assay based on 10% PAGE provided a more precise estimate than that based on agarose gel electrophoresis of the real size of restriction fragments as deduced from the sequence analysis and allowed identification of mycobacteria whose PCR-restriction fragment length polymorphism analysis patterns were unequivocally identified by fragments shorter than 60 bp.
Mycobacteria other than Mycobacterium tuberculosis (MOTT) are increasingly recognized as causing human infections (31).
Conventional biochemical methods and phenotypic tests for species differentiation are laborious and time-consuming and frequently require specialized testing that is beyond the capacity of clinical laboratories. Genotypic methods for the identification of mycobacteria have been developed in recent years (3, 10, 23, 29) . These molecular methods are gaining increasing importance because they yield rapid and, in most cases, unequivocal results.
In 1992 Plikaytis et al. (15) developed a method for differentiating among slowly growing Mycobacterium species by PCR and restriction fragment length polymorphism analysis (PRA). A similar approach was used by Telenti et al. (27) for rapid identification of mycobacteria to species level based on evaluation of the gene coding for the 65-kDa heat shock protein (22) by PCR and restriction enzyme analysis. Subsequently, this approach was used for the taxonomic separation of rapidly growing mycobacteria (18, 24) , for routine identification of mycobacteria (1, 4, 7, 9, 11, 12, 23, 26) , and for identifying Mycobacterium leprae (16, 25) and Mycobacterium kansasii subspecies (17) .
In all these studies the algorithm describing the mycobacteria species is based on the use of two restriction enzymes (BstEII and HaeIII) and separation of the restriction fragments on an agarose gel. PRA patterns are then interpreted by converting the running distance in electrophoresis to apparent molecular size (in base pairs). Difficulties in PRA interpretation may stem from similarities in a number of band sizes that are critical for discrimination of species and are not sufficiently resolved by agarose-based gel electrophoresis.
In view of the application of PRA-based identification of mycobacteria in our diagnostic laboratory and its application to an increasing number of different species, we conducted the present study in order to propose an algorithm based on 10% polyacrylamide gel electrophoresis (PAGE) of restriction digests to improve the resolution of low-molecular-weight fragments and to extend the identification capacity of the method. 
a ATCC, American Type Culture Collection; OCF, Italian Reference Laboratory for Mycobacteria; all the other strains were clinical isolates from the Mycobacteriology Laboratory of Verona Hospital.
b The hsp65 gene sequence is available from The National Center for Biotechnology Information GenBank database. (27) . The presence of amplified products was confirmed by agarose gel electrophoresis.
Restriction digestion and analysis of restriction patterns. BstEII and HaeIII enzyme digestion of the amplification product was performed essentially as described by Telenti et al. (27) , with the following modification. Briefly, 5 l of the amplified reaction solution was added to a mixture containing 2 l (1 U/l) of enzyme, 2 l of appropriate restriction buffer (10ϫ), and 15 l of autoclaved distilled water. The mixtures were incubated for 60 min at 60°C for BstEII digestion and at 37°C for HaeIII digestion. Two protocols were used for electrophoresis: in one, restriction fragments were electrophoresed on a 3% agarose gel at 120 V for 2 h, and in the other, restriction fragments were electrophoresed on a 10% polyacrylamide gel in a Mini-Sub-Cell electrophoresis system (BioRad, Richmond, Calif.) at 120 V until the dye front migrated to approximately 1 cm from the end of the gel. Fragment band sizes were estimated on a computerized Image Master VDS-Pharmacia Biotech system, using a HaeIII-digested X174 DNA and a 100-bp ladder as the molecular size standard.
PCR for reverse cross-blot hybridization assay. PCRs were performed under the conditions described by Kox et al. (13) with the primers PMyc14bio [5Ј-G RGRTACTCGAGTGGCGAAC] and PMyc7 [5Ј-GGCCGGCTACCCGTCGT C], derived from the sequence of the 16S rRNA gene common to all Mycobacterium species. The presence of amplified DNA was visualized by agarose gel electrophoresis (2% agarose in TE buffer) and staining with ethidium bromide.
Reverse cross-blot hybridization assay. The amplicons were analyzed by hybridization assay as described by Kox et al. (13) with specific oligonucleotide probes (18) . The oligonucleotide probes were subjected to the tailing reaction with dTTP to permit efficient capture of PCR products. The dTTP-tailed oligonucleotide probes were fixed to the nylon membrane. Two panels were prepared: the first included probes for Mycobacterium spp. The PCR products were denatured by heating and were added to the membrane in the hybridization solution; the hybridized PCR products were detected by incubation with streptavidin-alkaline phosphatase and a color substrate.
Sequencing of PCR product hsp65 gene. The amplified PCR products were captured and purified with silica gel columns (Qiagen; M-Medical-Genenco, Florence, Italy) as described in the manufacturer's instructions. Sequencing reactions were done by a standard sequencing method with a DNA sequencing kit (ABI Prism 6700 sequence detection system; Applied Biosystems); the primers Tb11 and Tb12 were used for sequencing. The sequence were analyzed by using the OMIGA 1.1.3 (Oxford Molecular) program to determine the locations of restriction sites.
Nucleotide sequence accession number. The hsp65 gene sequences of the Mycobacterium spp. described in this study are available upon request and have been deposited in the National Center for Biotechnology Information GenBank database under accession numbers AJ310215 through AJ310239 and AJ307630 through AJ307654.
RESULTS
Comparison of 3% agarose gel electrophoresis and 10% PAGE. The method originally developed by Telenti et al. (27) and adopted by others (8, 14, 17, 24, 26) evaluates restriction patterns by separating the fragments generated by BstEII and HaeIII digestion on an agarose gel. We initially conducted studies to compare the PRA patterns of several reference strains using 3% agarose gel electrophoresis and 5% and 10% PAGE to separate the restriction fragments with the aim of evaluating which procedure yielded more precise estimates of fragment sizes and resolution of bands of Յ100 bp. Table 2 shows the comparison between sizes deduced from the position of the restriction sites in the sequence (real sizes), the sizes obtained in the present study by the use of 3% agarose gel electrophoresis and 10% PAGE, and the sizes published by Telenti et al. (27) . Since values nearer to real sizes were obtained with 10% than with 3% PAGE, only results obtained with the former procedure are reported. When the fragment separation was performed on a 10% polyacrylamide gel, 16 of the total of 23 fragments generated by digestion with BstEII of the amplicons of the nine reference strains showed a size differing from the real size by less than Ϯ5 bp and 7 fragments had a size differing by less than Ϯ10 bp, whereas with agarose gel electrophoresis eight fragments differed by less than Ϯ5 bp, 10 differed by Ϯ10 bp and five differed by more than Ϯ10 bp from the real size. Similarly, 23 of the total of 26 fragments generated by digestion with HaeIII of the amplicons of the nine reference strains differed by less than Ϯ5 bp from the real size and three differed by less than Ϯ10 bp. Of the total of 19 fragments separated by 3% agarose gel electrophoresis gel, 10 differed by less than Ϯ5 bp, 6 differed by less a Fragment sizes in brackets are those observed for these fragments in previously reported patterns (8, 14, 17, 24, 26) . b Fragment sizes in parentheses are those derived from sequence analysis. (NF), restriction site not found in the sequence; NF, fragment not found in the PRA pattern.
c Boldface indicates PRA patterns that did not figure in the algorithms of Telenti et al. (27) , Taylor et al. (26) , and Devallois et al. (8) .
d Species for which more than two strains were examined; in this case the averaged size was reported (see also Table 6 ).
than Ϯ10 bp, and 3 differed by more than Ϯ10 bp from the real size. The sizes of the corresponding BstEII and HaeIII fragments in the published algorithms based on agarose gel electrophoresis differed from the real sizes to a greater extent than those found in our study. Electrophoresis was also performed both with undigested amplicons and with digested amplicons of species known to produce fragments of Յ100 bp and with primers submitted to the PCR protocol in the absence of the target DNA to rule out any possibility that artifacts may confound the interpretation of the PRA patterns obtained with 10% PAGE (data not shown). In no case were bands in the range of primers or primer-dimers observed.
Development of the algorithm. PRA using 10% PAGE was then performed on strains belonging to 54 Mycobacterium species. Mycobacterium strains were reference strains from the American Type Culture Collection or from the collection of the Italian Reference Laboratory for Mycobacteria and clinical isolates from the Mycobacteriology Laboratory of our hospital. An algorithm was derived which included 32 species already described by others (8, 26, 27 ) and 22 additional species (Table 3).
In the case of the previously described species, the algorithm based on 10% PAGE generally agreed with those previously published (8, 26, 27) . The PRA patterns of the 22 additional species were introduced into the algorithm and a good measure of agreement was established between the size derived from restriction digest electrophoresis and the real length of the fragments derived from the position of the restriction sites in the hsp65 gene sequence of each species. If the sequence was not available in the data bank, we performed DNA sequencing of both hsp65 amplicons and amplicons of 16S rRNA to confirm species identification.
Distinct PRA patterns were obtained for most of the additional species by considering only two or three HaeIII fragments in the size range of 200 to 80 bp. However, in the case of some species, the size of the bands in this range differed by only Ϯ5 bp from the pattern of other species, and bands smaller than 60 bp had to be considered for definitive identification (M. branderi versus M. kansasii; M. abscessus versus M. phlei, M. interjectum versus M. smegmatis, and M. farcinogenes versus M. intracellulare). In addition, some species had only one discriminant band longer than 80 bp, and interpretation of the patterns had to be based on shorter bands than this (M. brumae, M. gadium, M. aichiense, M. chelonae subsp. chelonae, M. chelonae subsp. abscessus, M. hiberniae, and M. senegalense).
As regards the clinical isolates, we studied 65 MOTT and three M. tuberculosis complex strains isolated consecutively in our Clinical Mycobacteriology Laboratory. For rapid identification of the most frequently isolated species, we had already developed a method based on amplification of a sequence of 16S rRNA (13, 21) (see Materials and Methods) and reverse cross-blot hybridization assay (13, 21) . This test together with biochemical identification was used for comparison with the PRA results (Table 4) . PRA allowed identification of M. simiae and subspecies identification of M. gordonae, M. chelonae, M. avium, and M. fortuitum (Table 5) .
Finally, standard deviations were calculated for both 10% PAGE-and agarose gel electrophoresis-PRA patterns of species for which at least two strains were examined (Table 6 ). Both 10% PAGE-PRA and agarose gel electrophoresis-PRA yielded reproducible patterns, as the range of variation never exceeded the Ϯ5-bp interval. With 10% PAGE, the average length of BstEII fragments differed from the real size by more than Ϯ5 bp but less than Ϯ10 bp for M. tuberculosis (the 79-bp HaeIII band), M. chelonae subsp. chelonae (the 311-bp band), M. fortuitum subsp. fortuitum (the 79-bp band), and M. marinum (the 230-bp band). In 3% agarose, nearly all species showed at least one fragment whose length differed from the real size by more than Ϯ5 bp. With 10% PAGE, none of the HaeIII fragments differed from the real size by more than Ϯ5 bp, but in 3% agarose nearly all species showed at least one fragment whose length differed from the real size by more than Ϯ5 bp. additional PRA patterns (five additional species and six subtypes of species already described).
In the present study, we also performed PRA of the hsp65 gene for identification of Mycobacterium species using 10% PAGE for detection of restriction fragments. We evaluated 32 species already described and 22 additional species. For the latter species only single isolates were analyzed, and the RLFP pattern described cannot be considered the discriminant one, since genetic heterogeneity leading to more than one RLFP pattern in a species cannot be excluded.
The PAGE-based method provided more precise estimates than those based on agarose gel electrophoresis of the real sizes of restriction fragments as deduced by sequence analysis and allowed identification of mycobacteria whose PRA patterns were unequivocally identified by fragments shorter than 60 bp. In our study, the size ranges for each data point obtained with the PAGE-based PRA for species already studied could be adjusted within the ranges described in the agarose gel electrophoresis-based algorithm. However, within these ranges, the PAGE-based PRA was better than agarose gel electrophoresis in resolving species with similar HaeIII patterns made by bands differing by Ϯ10 bp. We found that the agarose gel electrophoresis-based PRA yielded fragment lengths which often differed from the real sizes by more than Recently, a novel diagnostic algorithm was proposed based on PRA of the 16S-23S DNA spacer sequence (19, 20) . Eightythree patterns which identified 48 species, 40 subspecies, and 4 subtypes were described. The method was proposed as an alternative to PRA of the hsp65 gene. With both methods, most species yielded unique patterns, but some were more variable. For instance, using the 16S-23S DNA spacer-based method, 10 different patterns were observed for M. fortuitum and 1 was observed fro M. gordonae, whereas with the hsp65 gene-based method, 2 and 6 patterns were found, respectively, in the same species. However, intraspecies variability should not be considered a drawback of the PRA method if the patterns are distinct. This can help us to trace the epidemiology of MOTT (31) , in terms of both geographical distribution and pathogenicity (24, 26) , as is clearly revealed by studies on M. kansasii demonstrating that only some subtypes are associated with human infections (2, 5, 28) .
To achieve restriction fragment length polymorphism detection by automatic fluorescent fragment analysis, Hernandez et al. (11) combined PRA of the hsp65 gene and of the hypervariable region of the 16S rRNA gene with two enzymes. Height data points were obtained (two for each gene and each enzyme). Unique patterns were obtained for the 19 species analyzed. No subtypes of M. fortuitum and M. gordonae were detected, since the fragments identifying the types were not end fragments and were not labeled by the fluorescent dye (11) . The method cannot be applied to identification of species where end fragments are not distinctive. In addition, it relies on very expensive instrumentation.
In conclusion, the many studies bearing witness to the specificity, rapidity, cost-effectiveness, and efficiency of PRA-based methods for identification of mycobacteria have now made the routine application of this technology possible. However, laboratories wishing to adopt them should produce their own algorithms with the species most frequently isolated. The technical improvement provided by 10% PAGE, as shown by the results of our study, could certainly enhance the performance of this assay method.
